Regreening cultures were transferred back into darkness after harvesting the cells by centrifugation and resuspending them in an equivalent volume of Hutner's medium (15).
The illumination of dark-grown, bleached Euglena gracilis cells initiates the synthesis of the chloroplast enzyme ribulose 1 ,5-diphosphate carboxylasel (23) . The activity of this enzyme increases, along with the cellular level of chlorophyll and other enzymic and structural components of the developing chloroplast, for 3 to 4 days, by which time the cells are fully regreened and photosynthetically competent (4, 7) . In a previous publication, we reported that if at anytime during the regreening process the cells are transferred back into darkness, there is a striking continued synthesis of RuDPCase in the dark (21) . These cells grew rapidly in darkness, but the increase in RuDPCase was not related to cell-division; cells regreening in the resting mannitol medium (26) and placed in the dark likewise synthesized RuDPCase, although cell division did not occur (unpublished observation).
The present study involved a further examination of this phe-I Abbreviation: RuDPCase: ribulose 1, 5-diphosphate carboxylase.
nomenon using inhibitors that specifically prevent genetic transcription or translation in either the chloroplast or nucleus and cytoplasm. The implications of these results are discussed in relation to the contributions of the chloroplast and nuclear genomes during the synthesis of the two subunit types which constitute the multimeric chloroplast RuDPCase.
MATERIALS AND METHODS Growth of Alga. Dark-grown cells were obtained by growing Euglena gracilis Klebs strain Z at 25 C, with stirring, in the medium of Hutner et al. (15) in the dark for 4 days. The cells were harvested by centrifugation and were transferred to fresh growth medium from which all carbon sources other than vitamins had been omitted. Cultures were maintained in the dark for 48 hr at 25 C to deplete reserve carbohydrates. Resting cells were regreened by exposure to continuous white light (6000 lux) after the addition of D-glucose to give a final concentration of 22.5 g/l. Regreening cultures were transferred back into darkness after harvesting the cells by centrifugation and resuspending them in an equivalent volume of Hutner's medium (15) .
Inhibitors were dissolved in the appropriate culture medium and sterilized by Seitz filtration before being added to cultures at times indicated under "Results."
Inhibitors. The D-threo-isomer of chloramphenicol was used exclusively throughout this work (8) . The final concentration of inhibitors used was D-threo-chloramphenicol, 1 mg/ml; cyclohemixide, 15 ,g/ml; 5-fluorouracil, 5 mm; rifampicin, 250 ,ug/ml. All NaH'4C03 into acid-stable product was determined exactly as described previously (21) .
RESULTS AND DISCUSSION
Euglena RuDPCase has been recently purified and characterized (22) . This enzyme has the high mol wt and distinctive quaternary structure which is typical for this enzyme isolated from higher plants and green algae (11, 16, 18, 20, 27) . In the presence of sodium dodecyl sulfate, the enzyme dissociates into two nonidentical subunits of mol wt 55,000 and 15,000; eight 600 RuDP CARBOXYLASE SYNTHESIS IN EUGLENA large and eight small subunits are thought to constitute the multimeric chloroplast enzyme (22) . In keeping with current concepts regarding the origin of synthesis of this enzyme in eukaryotic cells (3, 6, 12, 13, 19) , it is assumed that the larger subunit of Euglena RuDPCase is coded for by chloroplast DNA and synthesized on 68S chloroplast ribosome, while the small subunit is coded for by nuclear DNA and synthesized on 87S cytoplasmic ribosomes.
D-Threo-chloramphenicol and streptomycin are effective inhibitors of protein synthesis in bacteria, binding to the 30S subunit of the 70S bacterial ribosome (10, 17) . These inhibitors also prevent protein synthesis on the 70S type ribosomes isolated from either Euglena chloroplasts or mitochondria but they do not affect protein synthesis on the larger cytoplasmic ribosomes (2) . In contrast, cycloheximide specifically blocks protein synthesis by cytoplasmic ribosomes (2) . When chloramphenicol at a concentration of 1 mg/ml is added to the suspending medium of Euglena cells, it effectively blocks protein synthesis on 68S chloroplast ribosomes; RuDPCase synthesis during the regreening of dark grown cells was completely inhibited (5, 7) . This concentration of chloramphenicol has little effect on cell division or viability in Euglena, suggesting that it does not block protein synthesis on cytoplasmic ribosomes. This ineffectiveness has been confirmed by Bovarnick et al. (4, 5) who reported that chloramphenicol, even at 2 mg/ml, did not prevent the synthesis of NADP-linked triose phosphate dehydrogenase in regreening Euglena. This enzyme is apparently translated on 87S cytoplasmic ribosomes since its synthesis was completely prevented by 15 ,ug/ml of cycloheximide (5) . The failure of chloramphenicol to inhibit cell division in Euglena suggests that protein synthesis on mitochondrial ribosomes is not prevented in vivo, possibly because mitochondria are impermeable to this inhibitor (5) .
In the present work we have used cycloheximide at a concentration of 15 Ag/ml. This concentration effectively blocks protein synthesis on cytoplasmic ribosomes in Euglena (2) and prevents cell division and Chl synthesis when dark-grown cells are placed in the light (7, 25) . When this inhibitor is used at lower concentrations the situation is more complex; 2 to 5 Ag/ml actually stimulates chloroplast development (25) although the reasons for this are unclear. It is assumed here that 1 mg/ml of chloramphenicol specifically blocks protein synthesis on 68S chloroplast ribosomes including the synthesis of the large subunit of RuDPCase, whereas 15 Ag/ml of cycloheximide specifically blocks protein synthesis on 87S cytoplasmic ribosomes including the synthesis of the small subunit of RuDPCase. Dark-grown Euglena cells which had been regreening for 24 hr in the light were harvested and resuspended in an equivalent volume of fresh Hutner's medium. Transferring such cultures to darkness for a further 24 hr resulted in a linear increase in RuDPCase activity during this period (Fig. 1A) . When the regreening cells were suspended in Hutner's medium containing chloramphenicol, and were placed in the dark, RuDPCase activity again increased (Fig. 1B) , the rate of increase during the first 8 hr in darkness being the same as that observed in control cultures (Fig. 1A) . The presence of cycloheximide, however, completely prevented the dark increase in RuDPCase activity (Fig. 1C) .
RuDPCase activity increased when expressed on a protein basis in both the control culture ( Fig. 2A) and in the culture containing chloramphenicol (Fig. 2B ) during the first 8 hr after transfer to darkness. On a per cell basis, this increase was less pronounced and was completely inhibited by cycloheximide (Fig. 2C) . ase during a 24-hr dark period with cells which had been regreened for 24, 48, or 72 hr in the light, whereas cycloheximide resulted in complete inhibition.
These data (Figs. 1-3 ) indicate that the increase in activity of RuDPCase observed when regreening Euglena cultures are transferred to darkness is dependent upon protein synthesis on 87S cytoplasmic ribosomes but not synthesis on 68S chloroplast ribosomes. The failure of chloramphenicol to prevent the increase in activity may have resulted from the synthesis of an excess of large subunit, with respect to the small subunit of the enzyme, on chloroplast ribosomes in the light before transfer to darkness.
The inhibition of RuDPCase synthesis in the dark in the presence of cycloheximide indicates that the continued synthesis of the small subunit as a translational product of cytoplasmic ribosomes is prevented and, if this is the case, that such synthesis is necessary for the increase in RuDPCase activity.
The addition of either chloramphenicol or cycloheximide to regreening cultures in the light prevented the synthesis of RuDPCase during a 24-hr period (Fig. 4) . One interpretation of these results is that chloramphenicol and cycloheximide inhibit the synthesis of the large subunit and the small subunit of RuDPCase, respectively, and that the synthesis of both subunits is required for the assembly of the functional multimeric carboxylase. Recent work has shown that cycloheximide completely blocks the lightdependent synthesis of Euglena chloroplast aminoacyl-tRNA Plant Physiol. Vol. 56, 1975 LORD, ARMITAGE, AND MERRETP. synthetases during the regreening of dark-grown cells (14) . These chloroplast synthetases are apparently transcribed from nuclear genes and are translational products of cytoplasmic ribosomes before being compartmentalized within the chloroplasts. Thus, by inhibiting the light-induced synthesis of chloroplast aminoacyl-tRNA synthetases on cytoplasmic ribosomes, cycloheximide might indirectly inhibit chloroplast protein synthesis, particularly the translation on chloroplast ribosomes of the mRNA for the large subunit of RuDPCase. The possibility that the synthesis of one subunit type is dependent on or regulated by the concurrent synthesis of the other subunit type cannot be discounted.
Cells which had been exposed to light for 24 hr in the presence of the inhibitors were harvested, washed, and resuspended in fresh Hutner's medium in the absence of inhibitors, and were placed in the dark for 24 hr. The cells which had been exposed to cycloheximide during the light period showed no increase in RuDPCase activity during the subsequent dark period. This lack of increase may be the result of the inhibition of large subunit synthesis in the light via the effect of cycloheximide on chloroplast aminoacyl-tRNA synthetases as discussed above; or, perhaps more likely, this lack of effect occurs because the inhibitor once bound to the cytoplasmic ribosomes is not readily displaced, cannot be completely removed by washing the cells and hence continues to inhibit the synthesis of the small subunit. On the other hand, cells which had been regreened in the presence of chloramphenicol showed a marked increase in RuDPCase activity in the dark in the absence of this inhibitor, although no synthesis had occurred in the previous light period (Fig. 4) . Chloramphenicol inhibits the translational step on chloroplast ribosomes, so it should not prevent the light-induced transcription of the mRNA for the large subunit within the chloroplast, the Chloramphenicol completely inhibited RuDPCase synthesis during regreening over a range of light intensities. The removal of chloramphenicol resulted in a marked increase in RuDPCase activity during a subsequent 24-hr dark period; an approximately 5-fold increase in the level of carboxylase activity was observed dpring this period, regardless of the light intensity during regreening ( Table I) .
The increase in RuDPCase activity, observed in the dark with cells which had been regreened in the presence of chloramphenicol and then had been resuspended in fresh Hutner's medium, was completely prevented by the addition, at the time of transfer to darkness, of either chloramphenicol itself or cycloheximide (Fig. 5) . This indicates that cells in which protein synthesis on chloroplast ribosomes in the light had been blocked by the presence of chloramphenicol were dependent upon translational steps on both chloroplast and cytoplasmic ribosomes during the dark period for enzyme synthesis. This is readily explained in the case of cells treated with chloramphenicol during both the light and dark periods; synthesis of the catalytically-active, large subunit on chloroplast ribosomes would be blocked at all stages. The failure of cells, treated with chloramphenicol in the light, to synthesize RuDPCase in the dark in the presence of cycloheximide is less easily explained. Such cells are able to perform translational steps on chloroplast ribosomes in the absence of inhibitors, and if the effect of cycloheximide is simply to block protein synthesis on cytoplasmic ribosomes, the data indicates that an excess of small subunit has not been accumulated in the light. This may indicate that the synthesis of the large chloroplast subunit in the light, in this experiment blocked by chloramphenicol, is necessary for concomitant synthesis of the small subunit on cytoplasmic ribosomes. Alternatively, since the synthesis of the large subunit in the light has been blocked, the data could also be interpreted as suggesting that the synthesis of the small subunit on cytoplasmic ribosomes blocked in the dark in the presence of cycloheximide, is required for the synthesis of the large chloroplast subunit. Recent work on the effect of inhibitors on RuDPCase synthesis during the greening of detached etiolated pea shoots has provided some evidence that may indicate that the small subunit is a positive factor required for either the transcription of mRNA for the large subunit from chloroplast DNA or its translation on chloroplast ribosomes (9) . The inhibitor used was 2-(4-methyl-2,6-dinitroanilino)-Nmethyl-propionamide, which inhibits protein synthesis on cytoplasmic ribosomes but not on chloroplast ribosomes in plants; furthermore, it does not inhibit the synthesis of the large subunit of RuDPCase by isolated chloroplasts (9) . When (14) .
The data reported in the present paper do not allow us to differentiate between this hypothesis or alternative explanations for the control of the synthesis of RuDPCase.
The synthesis of Euglena RuDPCase during a 24-hr regreening period and a subsequent 24-hr dark period was prevented by the addition of 5-fluorouracil at concentrations known to inhibit RNA synthesis in Euglena (Fig. 6, and (Fig. 3, and ref. 21 ). This could be attributable to regulation of enzyme synthesis by light, which possibly controls the rate of synthesis of the small subunit.
